Chemiluminescence resulting from the reaction M+CIO" M = Mg, Ca, Sr, or Ba. has been observed in crossed molecular beams. Two special features are found: (1) selective formation of MO· in the A'in state in preference to the isoenergetic A I ~ + state; and (2) the formation of MCI· in various electronic states. Although the MCI· product results from attack of the central CI atom in CIO" its cross section is comparable to that of MO·. The cross section for chemiluminescence is a small fraction of the total reaction cross section, which is larger than gas kinetic. From the chemiluminescent spectra the relative electronic, vibrational, and rotational population distributions are derived and the following lower bounds are placed on the MO dissociation energies: D8(CaO) 2109.7±3.5 kcal!mole; Dg(SrO)2107.7±3.5 kcal!mole; and D g(BaO) 2 133.6 ± 3.5 kcal!mole. The reaction dynamics are discussed in terms of an electron transfer from M to the half-filled antibonding orbital of CIO,.
I. INTRODUCTION
The study of chemiluminescent processes in gases has a long and colorful history, 1 but only with the advent of beam studies 2 under single-collision conditions has it become a useful tool for understanding the detailed dynamics of highly 'exothermic chemical reactions. From the chemiluminescent spectrum it is possible to identify the emitting species and to determine the population distribution of the internal states, electronic, vibrational, and rotational. We present here an investigation of the chemiluminescent emission resulting from the reaction of the alkaline earth metals, M =Mg, Ca, Sr, and Ba, with chlorine dioxide, CI0 2 • Previous studies in our laboratory have employed °3, N 2 0, N0 2 , and halogen molecules as reactants with a beam-gas arrangement. [3] [4] [5] [6] [7] [8] [9] This work is the first usage of CI0 2 and uses true crossed molecular beams. 10 We have deduced the existence of three different products, MCl*, MO*, and ions. 11 The MCI product is particularly remarkable because its formation in the reaction M + OCIO involves a rearrangement in which two "old" CI-O bonds are broken and two "new" bonds, MCI and °2, are formed. Chemical attack of the central atom of a triatomic in a single collisional encounter appears to be almost unprecedented. 12 The electronic state of the MO* product is also unexpected a priori since only the A'ln state is produced in the reaction, although the much better known A 1~. state lies at the same energy. Nonetheless, we shall show that both these features may be rationalized using an electron-jump model and simple molecular orbital arguments.
Following a discussion of the experimental procedure, we present the chemiluminescent spectra from which are derived electrOnic, vibrational, and rotational population distributions, as well as lower bounds to dissociation energies. Although chemiluminescence studies are blind to the formation of ground state products, we have obtained the total reactive cross section and the photon yield for each metal. From this information the fraction of ground state products is inferred to be nearly unity under these Single-collision conditions.
II. EXPERIMENTAL
A beam apparatus, called LABS TAR, has been described previously. 3 We note here the modifications made to study the reactions of Group IIa metal atoms with chlorine dioxide (see Fig. 1 ).
A vertical metal beam crosses a poorly collimated horizontal beam of CI0 2 • The metal vapor is produced in a resistance-heated, disposable, stainless steel oven. The temperature of the oven is chosen to give about 0.1-0.3 torr pressure of the metal vapor, which escapes through a 0.4 mm wide, 6 mm long rectangular slit. Under these conditions, there is a flux of 10 18 atom/sec corresponding to 10 15 atom/cm 2 -sec in the reaction zone. Oven temperatures are monitored with either a chromel-alumel thermocouple or an optical pyrometer. showing (1) the metal atom beam; (2) the 6 in. diffusion pump elbow; (3) the gas inlet tube, terminating in a multichannel array; (4) an observation port; (5) the gas inlet flange; (6) the metal atom oven; (7) the oven chamber; (8) the diffusion pump flange for the oven chamber; (9) the liquid-nitrogen-cooled flange used as a beam stop; (10) the photomultiplier which could be moved vertically to measure total cross sections; (11) a 0.5 m long glass tube; (12) port for ionization gauge; (13) metal beam collimating slits; and (14) the spectrometer viewing port. XI 10000 9000 8000 7000 6000 5000
The barium and strontium metals are obtained from Atomergic Chemical Co. with a stated purity of better than 99%. The main contaminant is calcium, which unfortunately contributed to some of the observed chemiluminescence. The calcium and magnesium metals are obtained from Fisher Scientific Co. (standard purity). All metals are used without further purification.
A separately pumped vacuum chamber contains the CIO z beam source, which is a multichannel stainless steel capillary array. The CIOz pressure behind the capillary array is approximately 1 torr. Although most single-collision chemiluminescence studies are done with a beam-gas configuration, the present experiment is operated as true crossed beams. When both beams are on, the pressure in the scattering chamber is typically 1 x 10-5 torr, as measured by a vacuum iOnization gauge located 15 cm from the reaction zone. To avoid attack of the forepump by CIOz, a demountable liquidnitrogen-cooled trap is inserted in the foreline.
The CIOz is prepared according to Bray's method 13 utilizing potassium chlorate and moist oxalic acid. Chlorine dioxide is known to be an explosive material. However, there were no detonations when the proper precautions were followed, namely, if the CIOz is stored at -78°C (dry ice), at which temperature the gas pressure is about 1 torr. In addition, the CIOz must never be exposed suddenly to atmospheric pressure.
The chemical preparation of CIOz is carried out in a fume hood. All connections are lubricated with halocarbon grease. Reaction products are collected at -196°C (liquid nitrogen) and the chlorine dioxide is distilled into all bulb at -78°C. The purity of the sample was checked by passing the gas through an HgI2 trap. 14 Possible Clz, ClzO, and ClnO m (n ~ 2) contaminants react with the red mercuric iodide to form colorless HgClz. No detectable change in color of the Hglz trap occurred. crosses the roughly collimated CIO z beam in the reaction chamber (see Fig. 1 ). The chemiluminescence is observed by eye to originate primarily from the volume intersected by the two crossed beams. A 1-m f 5.6 Interactive Technology scanning spectrometer views the chemiluminescence through a quartz window at right angles to the metal beam. A quartz lens focuses the emission onto the entrance slit; a cooled Centronic S-20 extended red photomultiplier is attached to the exit slit. The solid angle subtended by the detection optics is 4 x 10-3 sr. The output of the photomultiplier is amplified by a Keithley model 417 picoammeter, which drives a stripchart recorder.
To check the stability of the beams, in some early experiments a second photomultiplier with filters was installed at another observation port in the scattering chamber. The emission spectra were obtained from the ratio of the outputs of the spectrometer and this detector. However, the beams were found to be sufficiently stable so that it was unnecessary to continue this ratio recording in subsequent experiments.
III. RESULTS

A. Spectral appearance
The chemiluminescence spectra for the reactions Ba + CIOz, Sr + CIOz, Ca + CIOz, and Mg + CIOz are shown in Figs. 2-5, respectively. The emission extends over the entire visible spectrum for the first three reactions and is entirely in the ultraviolet for Mg. The spectra shown are uncorrected for the wavelength response of the detector, but the measured response function 7 is shown as a dashed line in Fig. 5 for CaO by Field, Capelle, and Jones. 19 In the BaO and 8rO spectra, the low resolution and overlapping bands prevent us from excluding the possibility that no other bands may underlie the A'-X emission. However, for BaO it is possible to conclude that the well known BaO A-X system, if it is present at all, is at least 10 times less intense than the BaO A' -X system. For 8rO, even more stringent bounds (1: 50) may be set. In the CaO spectrum (Fig. 4) , some A-X bandheads can be identified. However, the ratio of A -X to A' -X emission is about 1 : 100.
The MO A' -X emission is more extensive than previously reported. The bandhead positions are readily determined because the overlapping MO A-X bands are nearly absent. Table I lists the positions of the new MO A' -X bandheads. The observed positions agree fairly well with those predicted by Field 15 ; thus, no attempt was made to revise his vibrational constants.
Attention should be drawn to some features not observed which lend credence to our understanding of the reaction conditions. Atomic emission lines are entirely absent from these crossed-beam chemiluminescent spectra, unlike spectra often obtained with a beam-gas Other states that are produced in these reactions, although not observed directly by chemiluminescence, include ground state products and ionic products. 11 Metastable states with long radiative lifetimes such as the MO 3I1 states or the MCl 2~ states may also be present, but are undetectable. However, the BaCl A 2I1_X2~+ and B2~+_X2~+ band systems are obtained by scanning the spectrometer to 11 000 A, even though the 8-20 photomultiplier response falls precipitously in this region. This observation implies that the BaCl A and B states are strongly populated by the Ba + Cl0 2 reaction, either directly or by cascade. The cascade mechanism seems ruled out, however, since the C-A and C-B systems are known to be weak. 20 
B. Reaction order
The interpretation of these spectra in terms of singlecollision reaction dynamics between a metal atom and a 
(5,0) (6,0) (9,2) (10,2) (9,1) (11,2) (v', v") the oven temperature. If the emission process involved two collisions with metal atoms, then the signal would be proportional to the square of the metal atom flux and hence the square of the pressure in the metal atom oven. This would cause the plots in Fig. 6 to depart from linearity. As is seen, the data provide convincing proof that one and only one metal species emanating from the oven partiCipates in the reaction mechanism producing chemiluminescence.
The slopes of the straight lines in Fig. 6 provide further information on the nature of the metal species responsible for the chemiluminescent reactions. Assuming no activation energy for these exothermic reactions, the Clausius-Clapeyron equation predicts that the slopes of the lines should equal ~Hvap(M)/R, the atomic heat of vaporization of the metal divided by the gas constant. If the metal species is an electronically excited state of the atom, the slope is given by [~Hvap+~E(M*)]/R, where ~E(M*) is the excitation energy of M*. Similarly, if the metal species is a dimer M a , then ~Hvap(M) is replaced by ~Hvap(Mz)' Thus, it is reassuring to find that the slopes shown in Fig. 6 correspond to ~Hvap(M) within 10% of the literature values. 21 This 10% variation is not surprising and may indicate a systematic error in measuring the true oven temperature, deviations from pure effusive beam conditions that change the effective volume of the reaction zone as a function of oven temperature, or the existence of a small activation energy. Hence, the M + CIO z chemiluminescent reactions are first order in the ground state metal atom M. A similar study of the chemiluminescence intensity as a function of the ClO z source pressure for a fixed metal atom flux shows that the chemiluminescence is first order in CIO z ' We conclude that a single reactive encounter between the metal atom M and Cl0 2 produces the observed chemiluminescence. 
where .:lE(reaction) is the reaction exoergicity, E lnt is the internal energy, and E tran • is the relative translational energy.
The reaction energy for M + C10 2 -MO + CIO is the energy difference between the new bonds formed and the old bonds broken, i. e. ,
There have been several determinations of the Cl0 2 bond strength. 2-4, and they are as follows: BaO, the (22, 0) band at 26490 cm-I ; SrO, the (18, 0) band at 17430 cm-I ; and CaO, the (20, 0) band at 18300 cm-I .
The reagent translational energy in the center of mass reference frame is calculated from the expression appropriate to perpendicular molecular beams The uncertainty in each of the above three values is essentially the same, stemming primarily from the uncertainty in the CI0 2 bond strength.
The value for ng(BaO) in Eq. (4) should be compared with the previous estimate of ng(BaO) 2: 133 kcal/mole obtained from the chemiluminescent spectrum 3 of Ba + N0 2 and the determination of ng(BaO) = 133.5 ± 1. 3 kcal/mole obtained from the laser-induced excitation spectrum 27 of BaO in the reaction Ba + CO z . This excellent agreement may be taken as an indication that the value we use for ng(OCI-O) is reasonable.
The values for ng(8rO) and ng(CaO) in Eqs. (5) and (6) deserve a more extended discussion since these lower limits raise questions about previous determinations . The value for SrO may be low since the highest energy bandhead might have been obscured by Ca impurity (see kcal/mole and ng(SrO) = 92. 4 ± 5 kcal/mole. However, our present knowledge of the location of the CaO and SrO electronic states, 15 namely, that the ground state is a 1:6 state and the closest low-lying state is a 3n state some 8225 cm-I away for CaO and 9055 em-I for SrO, indicates that the alternative interpretation using 
Electronic
By correcting the chemiluminescent spectra for the detector response and integrating the area under the assigned band systems, it is possible to obtain the relative populations of the excited electronic states of the products. In this procedure, the fractional contributions of overlapping spectral features are crudely estimated. states beyond 8000 A may contribute another 3010 and 20%, respectively, to the total MO A' state emission with perhaps a 50% uncertainty in these numbers because of the calibration of the rapidly decreasing spectrometer and photomultiplier sensitivity.
Although MO* emission is seen in three reactions, only in the Ca + Cl0 2 chemiluminescence is it possible to resolve a feature that can be definitely attributed to the well known MO A 1;0+ state. The relative amounts of CaO A and A' state emission are estimated from the total area under the CaO A' In emission and the area under the observed A-X t.v = -2 sequence (see Fig. 4 ).
To obtain the total A state visible emission, the ratio of the sum of the t.v = 0, -1, -2, -3, -4, and -5 sequences to the t.v = -2 sequence was calculated, assuming equal populations in the energetically allowed v' = 1-8 levels of the A state, since these cannot be individually identified in the t.v = -2 sequence.
It can be seen from Table II that the production of MO* in the reaction M + ClO a is comparable to the production of MCI* (total A, B, and C states). Among the metal chloride excited states, the relative electronic populations follow the ordering A> B> C. However, these populations are only poorly described by an electronic temperature. It would appear that the relative electronic populations produced by the Ca and Sr + CIO! reactions are more similar to one another than either is to Ba + CIO a • In spite of the fact that there is sufficient energy to populate excited states above the C state for all MCl products, M = Ca, Sr, and Ba, we observe no emission from them. These excited states may lie above open ion channels. 11 We speculate that this may account for their absence.
Relative photon yield
The relative photon yield allows the intercomparison of the three metals in Table II , albeit with sOI?ewhat less precision than the normalized quantities given therein. For this purpose, the following procedure is carried out. A measured mixture of Ba, Sr, and Ca is placed inside the metal atom oven. The relative fluxes are calculated assuming an ideal solution, such that the vapor pressure of each metal in the oven is equal to its mole fraction times the vapor pressure of the pure metal at the oven temperature of 1000 OK. The resul~ing chemiluminescence spectrum is resolved into at least one spectral feature associated with each element, and relatively free of overlap as follows: the BaCI C-X t.v = 0 sequence; the SrCl A-X t.v =+ 1 sequence; and the CaCl A-X ~v = 0 sequence. Previous experiments with pure metals give the ratio of the total visible photon emission to each spectral feature; thus the relative photon emission cross section can be derived. Since the crossed-beam reaction conditions allow most metal atoms to pass through the reaction zone without reaction, the photon emission cross sections must be divided by the reaction cross sections (see Sec. TIL E) to give the relative photon yield, the number of photons per reactive encounter. The results are presented in Table   III .
It is difficult to ascertain a clear trend in the relative visible photon yields for Ba, Sr, and Ca since the electronically excited products of each reaction produce varying amounts of emission in the infrared. If one compares only the relative photon yield for the MCl C state, it can be see that the yield of the SrCl C state is lower than that of the C states of CaCl or BaCl. A separate comparison of Ba + CIO z with the reaction Sm + NzO gives a comparable photon yield for both reactions. This implies an absolute photon yield of about 1%.7
Vibrational
Within the MO A' -x electronic band system, individual vibrational transitions could be assigned and the relative vibrational distribution determined from the intensity of emission from each identified vibrational band of the corrected spectrum. This intensity is obtained either from the area under a band with the estimated contributions of neighboring bands subtracted out, or from the height of the identified bandhead. Given in photon sec-I, the intensities are divided by qv'v" v 3 (v', v") , the product of the Franck-Condon factor, and the cube of the emission frequency. The Franck-Condon factors are calculated using RKR potentials with Hulbert-Hirschfelder extensions. For the CaO and SrO A' states, the use of the spectroscopic constants we' WeXe' Be> and a e of Capelle, Broida, and Field l8 must be restricted to v':s 7 in order that the inner limb of the RKR ; : : : : 15-18 for BaO. R. W. Field has suggested to us that the maxima in Figs. 7-9 correspond approximately to the v' levels for which the X state crosses the A' state. Unfortunately, the data for low v' arise from red to infrared transitions that are less accurately measured. Nevertheless, the existence of vibrational population inversions in these electronically excited states seems well established.
Rotational
Within a vibrational band, the relative rotational distribution may be found by comparing the area under individual rotational lines. However, a high resolution spectrum of the chemiluminescence is too noisy to justify this procedure. In fact, only for MO* is it possible to even resolve the shapes of the rotational distribution. Instead, a Boltzmann distribution, characterized by a rotational temperature, is assumed, and a least squares fit is made between the calculated chemiluminescence spectrum and the measured spectrum for several vibrational bands, namely, BaOA'-X (17,0); and CaOA'-X (7,0), (8,0), (9,0), and (10,0). The best rotational temperatures are between 2300 OK and 2400 OK for all the v' levels studied with no apparent trend going from Ba to Ca or from v' = 7 to v' = 10. In Ca this corresponds to a most probable J' value of 49 and in Ba to 62.
E . Total cross section
The total reactive cross section or rate constant serves as an important measure of the significance of a reaction process and also as an aid in understanding the reaction mechanism. An approximation to the total reactive cross section may be obtained from a determination of the phenomenological cross section for metal removal, representing all processes that scatter metal atoms from the beam. For this purpose, we measured the variation of the chemiluminescent intensity as a function of flight distance when a beam of metal atoms travels along the axis of a cylindrical tube filled with ClOg gas at a known pressure (see Fig. 1 ). By analogy to Beer's law for light absorption, we obtain
where a is the phenomenological cross section in cm g , e is the ClOg concentration in molecules per cm 3 , l is the path length in cm, and I(l)/I(Z = 0) is the fraction of chemiluminescent intensity at position l. Equation (7) is based on the previous conclusion (see Sec. III.B) that the chemiluminescence is proportional to the metal atom flux, 34 and is verified by the straight lines observed in the data presented in Fig. 10 . The derived cross sections are given in Table III . The relative values should be accurate to within 10%, but the absolute values of these cross sections may be in error by as much as 50% because of the difficulty of determining the ClOg pressure in the glass tube while the metal beam is traversing it.
IV. DISCUSSION
The M + ClOg chemiluminescent reactions where M is an alkaline earth atom have two striking features: (1) the production of MCI* in various electronic states; and (2) the production of MO* in almost exclusively the A' In rather than the nearly isoenergetic A 12:+ state. We explore here what reasons might be offered for preference of this reaction system for central-atom attack or for end-atom attack leaving the products in a specific excited state.
The alkaline earth atoms have low ionization potentials, which do not greatly exceed those of the alkali atoms. Thus we expect the reactions of the alkaline earth atoms to resemble those of the alkali atoms, characterized by large cross sections and the sudden switch from covalent to ionic interaction. This leads us naturally to apply the rather familiar electron-jump model 35 to the reactions under study. In this model, reaction is initiated by a valence electron of M being transferred to the halogen-containing molecule ClOg. Subsequent interaction of M+ with ClO;; leads to product formation.
According to a very simplified picture of the electronjump mechanism, the covalent curve M + ClOg crosses the ionic curve M+ + CIO;; at a distance rc given by The subsequent reaction dynamics depend on the manner in which the metal cation M+ and molecular anion CIO;; approach to form the reaction products. From the failure of the various internal state distributions to be characterized by temperatures, it would seem that whatever the nature of this interaction, it must be direct, rather than proceeding through some long-lived collision complex, which would tend to equilibrate the reaction exoergicity among the possible degrees of freedom of the complex. We begin by considering the nature of the ClOi anion.
The bonding and geometry of the ABg triatomics were first schematized by Mulliken 37 and by Walsh, 38 who considered the effects of bending on the ordering of the molecular orbital energies. They predicted that BAB triatomic molecules with 16 or fewer valence electrons would be linear, while BAB triatomics with 17 to 20 valence electrons would be bent. Moreover, the BAB bond angle increaSingly becomes more acute in going from 17 to 20 valence electrons. More detailed quantum calculations support this model. 39 The chlorine dioxide radical, with 19 valence electrons, proves to be no exception, having an OCIO bond angle of 117. 5 0 •
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The ground electronic configuration of ClOg is ... (3al)g (2b 1 )1. The half-occupied 2b 1 orbital correlates with an antibonding 1fu orbital in the linear triatomic. Figure 11 shows that the 2b 1 orbital is composed from the superposition of P7T orbitals on the end 0 atoms that are out of phase with a P7T orbital on the central CI atom.
The relative coefficients of the atomic orbitals depend on the ionization potentials of the atoms. Because the FIG. 11 . Schematic drawing of the (half-occupied) antibonding 2b j orbital in CI0 2 • This orbital has a node in the plane of the OCIO molecule (as shown). The charge distribution is antibonding in character between the central CI atom and the terminalO atoms, but bonding between the two 0 atoms. ionization potential of the 0 atom is greater than that of the CI atom, the 1b l orbital has most of its contribution from occupation of the 0 atomic orbitals while the 2b l orbital has most of its contribution from occupation of the CI atomic orbital. 41 Consider the case where the CIOi anion corresponds to the filling of the 2b l molecular orbital. As seen in Fig. 11 , this weakens the CI-O bonds by placing nodes in the charge distribution between CI and each 0 atom; this increases the charge density on the central CI atom. We also note that the 2b l orbital promotes bonding of the two 0 atoms. The CI-O bond length 40 in CI0 2 is 1.47 A, and the two 0 atoms are separated by about· twice the internuclear equilibrium separation in O 2 • We picture that an electron jump that fills the 2b l molecular orbital of CI0 2 causes the OCIO angle to become more acute, directing the motion of the two 0 atoms toward one another, since at the same time, the CI-O bonding is weakened, and attack of the central CI by the incoming metal cation is facilitated.
The subsequent product distribution then depends in a detailed manner on the interaction in the product exit valley. We imagine that the formation of MCI involves the curve crossings between M+Cr and the various states of MCI. The excited states of MCI are strongly bound Rydberg states, described by an excited nonbonding electron of the metal atom surrounding an MCr core. The MCI bond energy is very large, in fact often larger than its ionization potential. 42 Consequently, some collision trajectories result in the escape of the electron to form ionic products of MCI+ and either O 2 + e-or 02, while other trajectories lead to the formation of MCI in various excited electronic states or the ground state. Our photon yields suggest that the ground state product is dominant. Initially we anticipated that the production of excited states should be largest for that pair of collision partners M+ + CI-having the largest curve crossing re. Since the total photon yields from MCI* show no consistent trend (see Table Ill ), we must conclude that the nonadiabatic behavior for these reaction systems is not simple.
So far we have concentrated on the attack of the central CI atom to form MCI*. We now consider the attack of the end 0 atoms. The 2b l orbital of CI0 2 may cause the CIOi anion to have a double minimum, i. e., unequal CI-O bond lengths. 43 The possibility that the first excited state of CI0 2 has a double minimum has long been debated. 44, 45 This suggests that CIOi may decompose asymmetrically in some trajectories. The possibility of 0-splitout may be enhanced by the electrostatic interaction with M+. We also note that conservation of orbital symmetry prevents the s electron on the metal atom from transferring into the 2b l orbital on CI0 2 if either C 2v symmetry is retained or if the metal atom approaches CI0 2 in the plane of the molecule. In these instances, the CIOi anion may once again dissociate into 0-and CIO, since the electron affinity of CI0 2 exceeds the O-CIO bond energy. Thus, the MO product should correlate with M+ + 0-.
The electronic states of the alkaline earth oxides are summarized as follows. 15, 46 The MO molecules have eight valence electrons. The ground state of MO has the electronic structure ~+O-- The A l~+ and A' In states have their minima at approximately the same energy. Hence, at first glance it is difficult to understand why one state should be preferentially populated with respect to the other. However, at large internuclear distances, the (0; 2pa) orbital is more bonding than the (0; 2p1T) orbital, causing the A' In state to have a lower energy at larger internuclear separations. Consequently, we speculate that as M+ and 0-approach each other, the MO Arln state is preferentially populated, in accord with the experimental observations.
We note that the ground state of the MO molecule does not correlate with the approach of M+ and 0-. This suggests the possibility that the M + CI0 2 reactions, which are specific to the population of one excited state over another, may also be specific to the population of the A' state compared to the X state. If this conjecture is confirmed, it has potentially important consequences for the achievement of electronic population inversions by chemical reaction.
